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Object
The object of this thesis is to study the effect of 
speed upon the steam economy and efficiency of a Corliss engine 
when using superheated steam and to compare these results with 
the results of similar tests run a year before using saturated 
steam.
Introductory Remarks
The tests herein described are part of a longer series 
of tests run during the years of 1909 - 1911 under the supervi­
sion of the Engineering Experiment Station of the University of 
Illinois on the 100 H.P. Corliss engine in the Mechanical Engi­
neering Laboratory. The total series comprises trials run under 
varying conditions of pressure, speed, and load, with both sa­
turated and superheated steam. Of these the saturated steam 
series was conducted by several seniors in the Mechanical Engi-
neering department, of the class of 1910; and the superheated 
series by Mechanical Engineering seniors of 1911* Those of the 
latter squad were
G. B. Allen 
Chas. C. Cobb, Jr.
F. A. Hagedorn 
W. M. Hasberg 
E. A. Herrcke 
R. B. Ponder
All men worked together on all tests of the series, the results 
being worked up by three sections.
Description and Arrangement of Apparatus
The apparatus used consisted of a Corliss Engine, a 
Foster superheater, an Edison D.C. generator with water rheostat, 
and a Worthington condenser.
Engine
The engine used, shown in Plates I and II pages 3 & 4 ,  
was a Corliss engine made by the Allis-Chalmers Co., Milwaukee, 
Wisconsin. It is equipped with the Reynolds type of Corliss valve 
gear having two eccentrics, one for the steam valves and the other 
for the exhaust valves. The separate eccentric for the steam 
valves gives a cut-off up to 50 percent, which allows a large over­
load to be carried. The engine was designed for paper mill ser­
vice and was provided with a speed-changing device, which gives
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any desired speed between 20 and 160 R.P.M.
The speed-changing device is shown in Plate I. The 
disc on the right is fastened rigidly to the shaft connecting to 
the governor; the disc on the left runs loose on the shaft and is 
rigidly connected to a pulley which is belted to another pulley 
on the crank shaft. Three fibre rimmed idlers run on the inner 
surface of both discs. The two discs are held against the idlers 
by springs. Each idler is mounted in a frame, which is fixed in 
another frame which is loose on the shaft connecting to the go­
vernor. This second frame is kept from rotating on the shaft by 
a rigid connection to an upright from the floor, through a shaft 
carrying a bevel gear and sector device which changes the posi­
tion of the axis of the idlers. Sy changing the position of the 
axis of the idlers the radius of contact of the disc to the left 
is changed, this change affects the radius of contact of the disc 
to the right and causes a change in the s peed of rotation of the 
governor which regulates the speed of the engine.
Superheater
The Foster superheater, made by the Power Specialty Co. 
of New York, has a rated capacity of 4500 lb. of steam per hour 
superheated 200 degrees Fahr. The peculiar feature of this super­
heater is the tubing. One steel tube with the ends sealed is 
placed inside a larger tube. Cast iron gill-flanged rings, which 
taper in cross-section from the inner to the outer periphery, 
are shrunk on the outer tube. These cast iron gill-flanges aid 
materially in keeping the degree of superheat constant by in­
creasing the amount of surface per unit length of tube which is
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capable of absorbing heat. The raa3s of cast iron in these rings 
aid3 very much in the storing of heat. The steam .flows through 
the annular space between the two steel tubes, thus giving a 
higher ratio of heating surface per unit of volume. The degree 
of superheat is controlled by regulating the draft, which is in­
duced by a fan. One great advantage of thi3 tyna or tube is that 
the fire can be started without any steam flowing in the pipes, 
due to the protection of the cast-iron rings. This feature is 
valuable when quick starting is desirable and also when no steam 
is being taken; it also makes the superheater proof against care­
less operators.
Generator
The generator shown in Plate III is an Edison bi-polar 
type furnishing direct current. Its rated capacity is 100 K.W. 
at 140 volts. It was made by the Edison General Electric Co. of 
Schenectady, N.Y., and is equipped with self-aligning bearings 
for the armature shaft.
Water Rheostat
Three barrels were filled approximately two-thirds full 
of water. In the bottom of each barrel is a zinc plate which is 
connected to the negative pole of the generator. An iron disc 
is suspended in the water and i3 connected to the positive pole 
of the generator. The load was controlled by raising or lower­
ing the iron disc out of or into the water by means of a worm 
and worm wheel apparatus shown in Plate III. If the load could 
not be maintained by lowering the iron disc into the water, salt
-8 -
was added to the water to decrease the resistance. If the resis­
tance was too low and the load could not he decreased the resis­
tance of the solution was increased by adding fresh water.
Condenser
A Worthington surface condenser, equipped with separate 
water and wet air pumps of ample capacity, was used. The con­
denser has 362 sq.ft, of condensing surface. The desired vacuum 
was maintained by varying the speed of the air pump and by regu­
lating the leakage through the air valve on the top of the conden­
ser.
Arrangement
The steam line is shown in outline in Fig. 1. From 
the reducing valve (mentioned later) to the superheater there is 
68 ft. of 3 inch main. The engine is connected to the superhea­
ter by 128ft. of 3 inch main. The condenser is connected to the
by
engine 70 ft. of 5 inch pipe. The generator is belted to the 
engine as shown in Plate III.
The arrangement of the engine, generator, switchboard, 
and water rheostat is shown in Plates I, II, and III.
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Fig. 1.
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Method of Testing
As previous teats on the engine had shown the influence 
of speed upon the steam consumption to he very slight, it was e- 
vident that other influencing factors such as pressure and super­
heat must he kept very constant. Special care was taken to at­
tain this end.
30 minutes was selected as the length of the tests 
since this time was found to he the shortest time consistent with 
accurate measurement of water rate. Readings were taken at in­
tervals of three minutes. In order to obtain constancy of con­
ditions the engine and superheater were started up from 1 to £ 
hours before a series of tests, and a period of 10 - £0 minutes 
was allowed between tests. In certain cases where readings we re 
commenced before constant operating conditions were reached these 
readings were discarded and one half hour of steady running ob­
tained.
Since the speed of the engine is limited to about 150 
R.P.M. by the operation of the valve gear, and considerations of 
specific capacity make 90 R.P.M. about the lowest operating 
speed, these speeds were determined upon as the range of expe­
riment with an intermediate 3peed, the normal speed, at 1£0 R.P.M. 
At the commencement of the series the governor was adjusted to 
give ISO R.P.M. at no load; this same setting being maintained 
thruout all tests in one series. Other speeds were obtained 
similarly.
Several loads were run at each speed to cover the range
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of load in about equal steps. The load consisted of a belt-con­
nected two pole D.C. generator, the power from which was absor­
bed in a water rheostat. Readings of voltage, load current and 
field current, the latter being obtained from an outside source, 
were taken. The load on the engine was kept very constant at 
any desired point by varying the distance between the plates in 
the rheostat and by varying the value of the exciting current.
Means for keeping the steam pressure constant consis­
ted of a gage and throttle valve on the steam main at a sufficient 
distance from the engine to eliminate pulsations of pressure from 
the engine steam chest. This gage was continually watched by an 
observer and the opening of the valve adjusted to give very steady 
pressure.
A thermometer in the steam main at the exit from the su­
perheater gave the temperature at that point. This was held 
quite constant at 500°, which temperature was selected as repre­
senting good practice with a margin for safe operation.
The steam was condensed in a surface condenser, the 
pressure in which was held constant at 1.5 inches vacuum to give 
atmospheric pressure at the engine exhaust, by adjustment of the 
air valve. The condensate was weighed in a tank on platform 
scales. Revolutions were obtained by means of a continuous coun­
ter attached to the frame of the engine and hooked to the cross­
head.
A list of readings taken follows:-
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Electrieal readings 
Current 
Voltage 
Field current 
Superheater
Temperature of superheated steam at superheater 
Condenser
Weight of condensate 
Hot well temperature 
Inlet circulating water temperature 
Outlet circulating water temperature 
Throttle
Steam pressure at throttle 
Indicator cards 
Engine log
Counter reading 
Pressure in calorimeter 
Temperature of steam in pipe at engine
" " " in chest
n " " in calorimeter
" " room
Results
data
On the following pages are the log sheets of theA ob­
tained containing averages of observations for each test and re­
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suits as calculated in the customary manner except as explained 
below. In the designation of each test in the first column of
the data, the four figures signify respectively approximate values
of
temperature of steam at superheater, steam pressure at calorime­
ter, electrical load at switch-board, and no load R.P.M.
These log sheets are followed by curve sheets contain­
ing plotted diagrams of results.
The only item that needs any special explanation as to 
the method of calculation is the brake horse-power. The mean ef­
fective pressure necessary to operate the engine at no-load was 
found by running the engine and generator unloaded. To be strict­
ly correct the engine ought to have been run without the genera­
tor, at each speed; but it was not convenient to do this. The 
friction M.E.P. has been found by test to increase very slightly 
as the engine is loaded. It was assumed that the friction M.E.P. 
was constant because the friction of the belt and unloaded gene­
rator more than makes up for the slight increase in friction due 
to an increase in load. This course was justified further be­
cause the B.H.P. is in reality higher than the calculated values, 
for the friction M.E.P. probably never became as large as the 
quantity that was assumed.
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Hiatorical
Very little investigation lias been undertaken on the 
problem of the influence of speed upon the economy of steam en­
gines. The small amount of information which is available was 
obtained at least 15 years ago, no reports on the subject having 
been made recently.
Probably the first man to investigate this problem was 
Willans, an Englishman, whose series of experiments with his 
triple expansion central valve engine included trials at three 
different speeds from 185 to 400 R.P.M. and two different values 
of cut-off at each speed. The dimensions of the engine were 
7  inches x 10 inches x 14 inches x 6 inches. Since Willans' cen­
tral valve engine contained very large port openings the effect 
of throttling at high speed in these tests was materially reduced. 
Furthermore the short stroke permitted of unusually high rotative 
speeds. The results of these trials given in Fig. 14 show a con­
tinual decrease in steam consumption with increase of speed thru- 
out the range tested with both 81 and 31 percent cut-off.
About this time Denton and Jacobus in the United 
States made a series of tests on a 17 inch x 30 inch non-condens­
ing Meyer valve engine with a range of speed from 8-88 R.P.M.
Three values of cut-off were used, l/8, l/4, and l/3 of the 
length of stroke, the cut-off being fixed for tests at 11 speeds 
within the range at each cut-off. The length of stroke of the 
engine and possibly to some extent the nature of the valve gear 
prevented a high rotative speed. The results of these tests are
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plotted in Fig. 14. All values of cut-off show an equal con­
sumption at 8 R.P.M. The general tendency above this point is 
a decrease in consumption. With the 50 percent cut-off a mini­
mum consumption is reached at about 65 R.P.M. beyond which the 
consumption increases.
During the years 1894-189? W. F. M. Goss conducted a 
series of tests on the first experimental locomotive which in­
cluded trials at different fixed values of cut-off with varying 
speed. The two cylinders,each 17 inches x 24,inches took steam 
at about 125 lb. per sq.in. and of course were non-condensing. 
The valve was a simple balanced slide valve and, as in all lo­
comotives, the steam ports were relatively small when used at 
high speed. This fact, coupled with the fact that a locomotive 
engine must exhaust with a considerable back pressure owing to 
draft requirements, puts this engine at a disadvantage as com­
pared with those in the tests previously noted, especially at 
high speeds. Curves obtained at 25 and 35 percent cut-off with 
speeds from 85-300 R.P.M. are shown in Fig.l. In both cases the 
steam consumption decreases with increase of speed up to about 
1?0 R.P.M. after which it rises rather rapidly.
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Discussion
It is generally known that high speed is advantageous 
to engines of the slide valve type; hut there is very little de­
finite knowledge on the influence of speed upon Corliss type en­
gines. On account of the difference in valve gear different
factors are operative in the latter case from those in the for-
»
mer, making it a separate problem. The above data and curves 
show clearly what is the influence upon this engine of speed and 
also of superheat at varying load. The influence of different 
factors and combinations of faotors may be traced out.
Figs. 2 and 3 are a graphical log of the observations 
of test 500-120-32-120, which was selected as being a represen­
tative test.
Superheater Temperature Log:- This curve shows the 
fluctuation of the temperature at the superheater. The differ­
ence between the maximum and minimum temperatures is 39° F.
o oThe average however is 501 F., which is only 1 higher than the 
temperature selected. This fluctuation is due to the method of 
operating the superheater. This fluctuation is not of any great 
consequence because the steam in flowing through the main is 
equalised in temperature by giving up heat to or absorbing heat 
from the metallic walls of the pipe The steam main temperature 
log has a variation between maximum and minimum temperatures of 
only 7° F., or 18 percent of the variation at the superheater. 
The variation of the temperature of the steam becomes less as 
it approaches the engine, and when the steam chest is reached
1
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the maximum variation for the entire test was 2 F. or 5 per­
cent of the maximum variation at the superheater.
Condensate Temperature log:- The condensate tempera­
ture log together with the logs of out-going and in-going con­
densing water show up the conditions at the condenser. That 
conditions of operation were constant is borne out by the fact 
that the weight of the steam condensed per 3 minute interval, 
shown in condensate log Fig. 3 contains only one value that shows 
any material variation in steam consumption.
Indicator Card Area log:- The fluctuations of the 
indicator card area may be due to variations in voltage or cur­
rent or to the action of the dash pots.
Hevolution of Engine Log:- The revolution of engine 
log has several small variations, but this is due to the vari- 
tion in load, the action of the governor and dash pots.
The voltage log shows no large variations. The maxi­
mum variation is 3 volts or 2 percent. The current log has a 
maximum variation of 6 amperes or 2.6 percent.
Calorimeter Pressure log:- The calorimeter pressure 
log shows a constancy of operation except for the 4:26 reading. 
This is due to the operation of the throttle valve. The steam 
main pressure should show the same variations as the calorime­
ter pressure log. The reason that it does not in this case is 
that the two pressures were not read at precisely the same mom­
ent.
Condenser Pressure Log:- The pressure in the conden­
ser was maintained at 1.5 inches vacuum by adjusting the leakage
__________________________________________________
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in at the air valve and by regulating the speed of air pump.
Fig. 4. The degree of superheat at the superheater 
was to be kept constant for all rates of flow of steam and this 
curve shows how nearly constant it was kept. The degree of su­
perheat at the receiver and at the steam chest gradually became 
higher as the rate of flow of steam increased because the loss 
of heat due to radiation is about the same for all rate3 of 
flow.
Fig. 5. The drop in superheat between the various 
points becomes less at higher rates of flow for the same reasons 
that the number of degrees of superheat at the same places be­
comes greater for the increasing rates of flow of the steam.
Figures 6 and 7 show the influence of speed upon the 
eoonomy of this engine with both saturated and superheated steam. 
With saturated steam a minimum consumption is shown for all 
speeds at practically a constant M.B.P. of about 48.5 lb. per sq. 
in . This results in a most economical horse-power at the various 
speeds proportional to the speed. At 90 R.P.M. this maximum eco­
nomy is 34.1 lb. per I.H.P.hr. at 55 I.H.P. At 120 R.P.M. the 
lowest steam consumption obtained with saturated steam was found 
which was 28.7 lb. per I.H.P.hr. at 72 I.H.P. When running at 
150 R.P.M. the most economical water rate was 29.5 lb. per I.H.P. 
hr. at 91 I.H.P.
When using superheated steam the steam consumption is 
materially lower than with saturated steam. At neither 90 nor 
120 R.P.M. was the most economical point reached even when the 
engine waa fully loaded. At 90 R.P.M. the highest load of about
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73 I.H.P. was reached with a consumption of 26 lh. per I.H.P.hr 
and at 120 R.P.M. 100 I.H.P. required 24.6 lb. per I.H.P.hr. 
However a speed of 150 R.P.M. showed a minimum water rate - also 
the minimum found with the use of superheated steam- at an 
M.E.P. of 53 lb. per sq.in., giving 86 I.H.P. for approximately 
23 lb. per I.H.P.hr. Thus by the use of superheated steam the 
point of maximum economy was changed from 72 to 86 I.H.P., or an 
increase of 19.5$ of saturated steam value; the M.E.P. increased 
from 47.5 to 5 3  lb.per sq.in. or 11.5$ of sat;irated steam value; 
and the steam consumption decreased at the same time from 28.7 
to 23 lb.per I.H.P.hr. or approximately a decrease of 20$.
In these curves the effect of three influences is no­
ticeable. The first of these is cylinder condensation to the 
diminution of which is due the saving caused by the use of su­
perheated steam. With saturated steam the cylinder walls, cooled 
by the exhaust , condense a part of the entering steam, forming 
a film of moisture. When once formed this film of moisture inc­
reases the heat conductivity from steam to metal causing a more 
rapid heat loss. In the use of superheated steam this heat loss 
is represented by a drop in temperature on entering the cylinder, 
and is much reduced if the degree of superheat is high enough 
to prevent reaching the saturation point during admission. This 
is due to the absence of the conducting film of moisture.
Theoretically the effect of increase of speed is to 
cause a decrease in water rate by decreasing the time of one 
cycle and therefore the range of temperature of the cylinder 
walls, which results in a smaller heat loss during admission.
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This influence however is opposed by the effect of throttling 
which altho negligible at low speeds, becomes serious at the 
higher speeds of these tests. It is most noticeable at high 
loads and long cut-off where the steam velocity is high.
At 90 R.P.M. with saturated steam the rapid decrease 
in consumption with increase of M.E.P. and therefore of load is 
due to the diminishing percentage of cylinder condensation. The 
lesser importance of this factor at 120 and 150 R.P.M. results in 
flatter and lower curves.
Increased economy at 120 R.P.M..is due to the decrease 
in cylinder condensation, throttling being negligible. Above 
this point however the throttling effect becomes considerable and 
the economy at 150 R.P.M. is practically the same as at 120. The 
decrease in cylinder condensation with increase of speed is very 
slight, but this decrease has been found to be very nearly off­
set by the increased loss due to throttling. Since the economi­
cal M.E.P. is the same for both speeds, the economical capa­
city at 150 R.P.M. is higher.
TChen using superheated steam the decrease in consump­
tion for a given M.E.P. from 90-120 R.P.M. is due to decrease in 
initial heat loss as with saturated steam, this difference being 
less however on account of the absence or small thickness of the 
moisture film on the walls. As the load increased the degree of 
superheat at engine increased as shown above, resulting in a 
still decreasing consumption at the upper loads. At 150 R.P.M. 
there is still a gain in economy due to this effect, but not so 
marked as between 90 and 120 owing to the increased throttling
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effect. The engine shows a gain in economy with superheated 
steam with an increase of speed from 120 to 150 R.P.M. This is 
not exhibited with saturated steam. This is caused by two in­
fluences. Chief of these is the fact that at a given M.S.P. 
the higher speed takes more steam which means a higher super­
heat as shown above. Furthermore the consumption of superheated 
steam per I.H.P.hr. being lower than that of saturated, the 
cut-off for a given M.E.P. is shorter, thus obviating to a cer­
tain extent the effect of throttling.
Superheated steam has its disadvantages. The chief 
one of these is lubrication of the cylinder, for at the high 
temperature ordinary steam engine cylinder oils vaporize. The 
difficulty is met by using an oil of high flash point. Tn some 
cases the valves of engines designed for saturated steam have 
been known to warp under the higher temperature. This is espe­
cially true of slide valve engines. With the degree of super­
heat used in thes© tests, lubrication was effective, and no 
other trouble was experienced as a result of the high tempera­
ture .
Curves in Fig. 8 exhibit the same phenomena as those 
of Fig.6. The curves of B.H.P. are steeper at the left because 
the B.H.P. approaches 0 as the total water per hour approaches a 
finite number, thus making the curves asymptotic to the vertical 
axis. The most economical B.H.P. with saturated steam is 67 at 
120 R.P.M., the water rate being 31.25 lb. per B.H.P.hr. With 
superheated steam this is increased to 100.B.H.P. at 150 R.P.M.
and 24.75 lb. per B.H.P.hr., and increase of capacity of 50$ and 
of economy of 21$.
Fig. 9 shows the same relative effects of variation of 
speed and M.E.P. with saturated and superheated steam as the 
curves in Fig. 7. It also shows that the decrease in consump­
tion due to the use of superheated steam in preference to satu­
rated i 3  not entirely and in fact very little due to the greater 
heat content of the superheated steam. At the same speeds a 
larger percentage of the total available energy in the super­
heated steam is utilized. For instance at the most economical 
point the potential efficiency with the latter is 66$ as compared 
with 56.75$ for saturated. The value of 66$ is very good con­
sidering the size of the unit and is probably about the limit 
obtainable with any steam unit of this size.
Figs. 10 and 11 are plotted from the curves in Fig. 6. 
Constant load curves at ten H.P. intervals are plotted showing 
relation of water rate per I.H.P.hr. to rotative speed. Fig. 10 
shows as does Fig. 6 that the most economical load with satu­
rated is around 70 H.P. and also that for loads up to 70 H.P. 
the economical speed is from 130-135 R.P.M. Above this load 
the economical speed rises.
In Fig. 11 may be seen as in Fig. 6 that the most eco­
nomical speed with superheated steam is above 150 R.P.M. for ill 
loads, and that the economical load is between 80 and 90 I.H.P.
Fig. 12 shows the curve of mechanical efficiency to 
an M.E.P. base. The maximum efficiency of 95i$ is very good 
for this type of engine.
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It will be interesting to study the curves in Fig. 14 
obtained by other experimenters showing the relation between ro­
tative speed and economy. As has been noted above all these re­
sults were obtained with engines of the slide valve type and hence 
present a somewhat different problem from that of the Corliss 
engine tested. In slide valve engines there is quite a conside­
rable leakage of steam along the face of the valve. This leakage 
represents a complete loss because the steam passes directly from 
the chest; to the exhaust without going thru the cylinder and 
hence without doing any work. The loss by leakage of steam in 
this manner is a function of the pressure difference between the 
steam chest and exhaust and of the size and tightness of the 
valve. Since time is not an influencing factor, the more power 
we get out of an engine per unit of time, or the faster it is 
run, the less will be the leakage loss per unit of power, and 
therefore the steam consumption will tend to be lower so far as 
this factor is concerned. Of course the effects of initial con­
densation and throttling are present as in the Corliss engine.
In the trials of Denton and Jacobus the engine showed 
the same consumption at all values of cxit-off tested at 8 R.P.M. 
Above this point the consumption decreases rapidly for a space 
due to a rapid decrease in cylinder condensation. At cut­
off the cylinder condensation per unit of steam is high and at 
50/» cut-off the steam is not fully expanded, hence the 25 cut­
off curve which is at an intermediate balancing point between the 
two extremes shows the best economy. Throttling has little ef­
fect at the range of speed of these trials except at 50 cut-off 
where the consumption begins to rise again at 58 r . p . t j . Tiftn r f l e g a
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in cylinder condensation and leakage per unit of power causes 
continual decrease in consumption at the other values of cut-off.
In Goss’ test with a locomotive engine 35 $ cut-off 
was found to he more economical. On account of throttling at the 
ends as explained above and other losses incident to a locomotive 
engine the water rate is somewhat higher than that of the Denton 
and Jacobus engine. At increased speeds the effect of throttling 
increases rapidly causing the consumption to commence to increase 
again at about 165 R.P.M. ITurthermore this effect being greater 
at the longer cut-off, the result is that the consumption at 55$ 
out-off increases beyond that at 25$.
In the case of Lilians' central valve engine the effect 
of throttling at high speeds is reduced to a minimum because the 
stroke of the engine is short resulting in a correspondingly 
slower piston speed and also the valves give very large ports.
The result is that the loss due to this effect does not equal 
the gain due to high speed and the consumption decreases con­
tinuously thruout the range.
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Conclusions
The conclusions to "be reached from these tests may he 
summarized as follows
1. The use of superheated steam in an ordinary Corliss 
engine introduces difficulties of lubrication, hut hy using a 
good grade of oil of high flash point satisfactory operation may 
he obtained.
2. At all loads and all speeds steam superheated about 
100° F. reduces considerably the consumption from that with sa­
turated steam.
3. Superheated steam materially increases the economic 
capacity of an engine.
4. yhen using superheated steam the most economical 
speed is higher than when using saturated steam and in these 
tests was as high as the limiting speed imposed by the operation 
of the valve gear.
